Acoustic emission (AE) is an effective nondestructive evaluation method for assessing damage in materials; however, few works in the literature have focused on one quantification method of damage in concrete under fatigue loading by using AE for characterizing the entire three main deterioration behaviors simultaneously. These deterioration behaviors include Young's modulus degradation, fatigue total strain, and residual strain development. In this work, an AE quantification method of fatigue damage in concrete was developed, by combining AE and a fiber bundle-based statistical damage model (fiber bundleirreversible chain model). By establishing a relationship between normalized AE counts and the damage variable based on the fiber bundle-irreversible chain model, the method was proposed. Additionally, this method was verified against the experimental results. It is able to capture the mechanisms of damage accumulation and characterize the three deterioration behaviors simultaneously.
Introduction
Acoustic emission (AE), as a nondestructive evaluation and diagnostic technique, has been developed for more than three decades [1] [2] [3] [4] [5] [6] . By considering the highly sensitively detecting results of active microscopic events (e.g. microcrack initiation and propagation) in materials provided by AE, it is widely adapted for materials research [1] [2] [3] [4] [5] [6] [7] [8] [9] . In detail, by applying AE sensors on certain materials, the propagated elastic waves produced by the abovementioned events are detected; further, the location and state of the damage/crack are determined [7] [8] [9] .
The understanding of deterioration behaviors for concrete under fatigue loads is essential for the assessment and analysis of relevant structures. Specifically, those deterioration behaviors consist of Young's modulus degradation, fatigue total strain, and residual strain development, which further cause an abrupt failure of the structures. For example, the repeated train loading on high-speed railway concrete structures typically results in the safety problems by the influence of such deterioration. Recently, there are significant advancements in AE techniques on the continuous monitoring for materials under fatigue loading [10] [11] [12] . For example, Kahirdeh et al. [11] proposed a parametric approach to estimating acoustic information entropy and relative entropy of aluminum alloys by examining the acoustic signal. In addition, the researchers also observed the relationship between the evolutions of those variables and the fatigue damage concerning the hardness change, respectively.
However, few works in the literature have focused on one quantification method of damage in concrete under fatigue loading by using AE for characterizing the entire three deterioration behaviors simultaneously. Specifically, most contributions only considered the experimental investigations on the empirical relationship between a single deterioration behavior and a certain AE parameter [13] [14] [15] [16] [17] [18] [19] . For instance, Wang et al. [15] conducted the comparison on the fatigue properties among plain concrete, rubberized concrete, and polypropylene fiber-reinforced rubberized concrete by applying AE, and the results showed a linear correlation between the AE counts and the residual strain for plain and rubberized concrete, respectively. Additionally, based on a AE rate process theory, Ohtsu and Watanabe [17] , Suzuki and Ohtsu [18] , and Dai and Labuz [19] defined a probability density function f ðVÞ of AE events, which was dependent on the stress level V = σ/f c for investigating the evolution of f ðVÞ (where σ and f c denotes the stress and strength, respectively) on concrete. Furthermore, Ohtsu and Watanabe [17] and Suzuki and Ohtsu [18] observed the relationship between a key parameter and a damage variable for concrete. In detail, the key parameter was obtained by fitting the evolution of f ðVÞ with a hyperbolic function, and the damage variable was introduced by considering the stiffness degradation.
For nearly one hundred years, a class of simple statistical damage models, namely, fiber bundle models (FBMs), have received growing attention in both the physics and engineering communities [20] [21] [22] [23] [24] , due to their deceptively simple appearance coupled with an outstanding richness of mechanical behaviors. The classical FBMs were developed to characterize the progressive elastic deformation damage relating to Young's modulus degradation, which is represented by the continuously breaking of fibers. However, it is unable to characterize the development of irreversible/residual strains in materials. The development of irreversible/residual strain is a significant property for describing the fatigue behaviors in the sense of material behavior. Therefore, in order to characterize such property, the irreversible deformation element was introduced into the classical FBMs [24] [25] [26] [27] [28] [29] [30] . Specifically, the irreversible deformation element is able to simulate the development of irreversible strains represented by the progressive fracture of elements. These models [24] [25] [26] [27] [28] [29] [30] were developed to characterize both the progressive elastic deformation damage resulted from the micro mode-I crack process and the irreversible/residual deformation damage produced by serials of types of cracks. The types of cracks are generally distinguished as follows: the irreversible opening of mode-I crack due to locking mechanisms of crack faces [31] , the irreversible sliding-like of mode-II crack (not mode-II microcracks) due to toughness of crack faces [32, 33] , the irreversible-frictional sliding over crack surface [34, 35] , the irreversible cracking of fracture process zone [27, 36] , the irreversible mode-II microcracks [37, 38] , and other cracking mechanisms [39, 40] . It is verified that the irreversible deformation element is able to effectively model the development of the irreversible/residual strains in the materials [24] [25] [26] [27] [28] [29] [30] . Precisely, the fibers and irreversible deformation elements with random thresholds are introduced in FBMs for modelling the events of microcracking in the materials, which were detected by AE sensors.
Furthermore, the fiber bundle-irreversible chain model (BCM, the expression "plastic chain" [41] is corrected by "irreversible (deformation) chain" in this work based on the literature [27, [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] ) was developed based on the FBMs for describing the abovementioned deterioration behaviors of quasibrittle materials under fatigue loading during the lifetime. This model was verified to be able to capture the major microscopic mechanisms of the deterioration behaviors against the experimental results [41] . Recently, Sa'nchezMolina et al. [42] proposed a stochastic model for modelling the soft tissue failure under monotonic loading by combining the FBM and AE. The relationship between fiber failure number and AE counts and the relationship between damage variable and AE cumulative energy were both examined. Although this method only considered the relationship between AE parameters and stress response of the material under monotonic loading, it provides us a new approach to studying the deterioration behaviors under fatigue loading by using AE.
In this work, a method of quantification of damage in concrete under fatigue loading is proposed based on AE and BCM. This method is aimed at characterizing the three deterioration behaviors simultaneously. The outline of the work is as follows: after a brief introduction of the BCM relating to the damage accumulation, the quantification method of fatigue damage in concrete is developed, and subsequently, this method is verified by comparing the predictions with experimental results.
Note that this work only focuses on the damage and AE responses of the concrete materials (i.e., the representative volume elements (RVEs)) due to the sophisticated behaviors under fatigue loading, although a number of works have been contributed by researchers concerning that of reinforced concrete structures. Considering that the materials' behaviors are essential for further analysis of the mechanical behaviors of structures, a great number of studies have been already conducted in the literature [14, 15, 17, 19, 28, 29, 31, 42, 43] . In addition, the damages of concrete structures subjected to mode-I, mode-II, and mixing mode loading were classified by using AE [3] . However, the feasibility of such method is probably limited for concrete material due to the differences between the damage behaviors of structures and materials caused by different scales. In the perspective of material, concrete mainly consists of three constituents: the cement matrix (a microdefect-filled material), the aggregates, and the interface between the matrix and aggregates (transition halo, the weakest zone in concrete, which is highly oriented because of wall effects). Therefore, it causes concrete containing full of flaws and preexisting cracks from nanoscale to mesoscale and results in the complex damage behaviors in the material; e.g., when the concrete material is subjected to uniaxial tension, there are different modes of cracks generated during the loading. The further work concerning the damage and AE responses of reinforced concrete structures will be conducted by the authors' research team.
Fiber Bundle-Irreversible Chain Model with Damage Accumulation
The BCM with the damage accumulation was developed based on the statistical methods, namely, FBMs. This model is aimed at characterizing the deterioration behaviors of quasibrittle material under fatigue loading [41] . The main methodology of the theoretical method is briefly introduced.
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The BCM [41] was composed of a bundle of parallel linearly elastic fibers with the same Young's modulus E 0 and a chain of linked perfectly irreversible deformation elements with the same Young's modulus 1000E 0 >>E 0 . Each irreversible deformation element was presumed to obtain the same irreversible strain r0 after reaching its threshold, driven by the effective stress [30, 41] . After each fiber breaking event, the load of the failed fiber was assumed to be equally redistributed over the intact ones in the bundle in an equal-load sharing pattern without consideration of their distance from the failure point [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . Under fatigue loading, the fibers progressively fail due to breaking and the irreversible deformation elements gradually fracture due to the abovementioned cracks [27, [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] . Specifically, two mechanisms (elastic and irreversible deformation damage accumulation) are considered as follows [41] :
when the strain ε i ðtÞ reaches its breaking threshold ε th,i ðtÞ
(ii) Irreversible deformation element j (j = 1, ⋯, n) fractures instantaneously at time t when the strain ε j ðtÞ (corresponding to the effective stress σ eff ,j ðtÞ) reaches its fracturing threshold ε th,j ðtÞ
The system BCM experiences an accumulation process of both types of damages during the lifetime; hence, the system, rather than the individual fiber or irreversible deformation element, is endowed with a memory of the load history. Consequently, this methodology introduces a scaling method for characterizing the deterioration behaviors of concrete in time space [41] .
By using the statistical theory [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] , the accumulated elastic and irreversible deformation damage dðtÞ and rðtÞ up to time t can be calculated by integrating the time t over the entire failures of fibers and fractures of irreversible deformation elements, respectively [41] :
where t ′ denotes the time and P d ðtÞ and P p ðtÞ and D d ðtÞ and D p ðtÞ denote the probability densities and the cumulative distributions of the breaking thresholds t th,i and the fracture thresholds t th,j in time space, corresponding to the breaking thresholds ε th,i ðtÞ and the fracturing thresholds ε th,j ðtÞ in total strain space, respectively [41] . Furthermore, for describing the nonlinear behavior of concrete which coupled both the accumulated elastic and irreversible deformation damages, the total damage variable drðtÞ up to time t can be obtained by integrating over the entire history of both fiber failures and irreversible deformation element fractures [41] , such that
where PðtÞ denotes the probability density coupling with fiber failures and irreversible deformation element fractures and DðtÞ denotes the cumulative distribution of thresholds coupling with fiber failures and irreversible deformation element fractures in time space (i.e., thresholds t th ), relative to the thresholds in total strain space (i.e., threshold ε th ðtÞ). Therefore, the constitutive relationship of the BCM under a constant maximum loading σ max was obtained such that [41] 
To characterize the evolution of the total damage variable conveniently, the parameters dr t1 and dr tN f were introduced [41] by using an analytical method based on the fatigue failure surface concept [44, 45] as follows:
where dr t1 and dr tN f denote the total damage variable after the time of first loading cycle and at the time to fatigue failure, respectively, which are affected by σ max or the stress level S = σ max /f c (f c denotes the strength); they are calibrated by the analytical method based on the fatigue failure surface concept [44, 45] , and ðdr tN f − dr t1 Þ is in the interval 0 < ðdr tN f − dr t1 Þ < 1, varied with different stress levels S; dr 0 denotes the normalized total damage variable; it is a parameter by normalizing drðtÞ from dr t1 to dr tN f and defined by the equation dr 0 ðtÞ = ½drðtÞ − dr t1 /ðdr tN f − dr t1 Þ, in the interval 0 ≤ dr 0 ≤ 1.
Acoustic Emission Quantification of Fatigue Damage

Relationship between AE Parameter and Fatigue Damage.
In AE, several parameters are usually evolved including amplitude, duration, energy, threshold, frequency, rise time, and counts. Among these parameters, the amplitude, energy, and counts were typically applied to investigate the damage of materials. Figure 1 illustrates that all the counts (C), accumulated energy (Ae), energy rate, and amplitude experience a three-stage process during the lifetime of typical concrete under fatigue loading. By observing the relationship between the AE parameters and fatigue damage, the following are found:
(1) By using a certain modification method, AE counts are able to characterize the evolution of damage in materials under fatigue. The count is defined as the number of times the AE signal amplitude exceeds a given threshold during experiments. The reasons 3 Journal of Sensors are concluded as follows: initially, the application of AE counts on material characterization is verified. Although several researchers regarded the AE counts as an unreliable indicator of damage, it is considered the most direct response to the microstructural variation in materials [46] . A number of works on studying the relationship between fatigue behaviors and AE responses of materials have been conducted by using AE counts [15, 17, 42, [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] . Based on AE counts, the literature [56, 57] defined a new AE parameter, average frequency (AF), for fracture mode classification. Moreover, Figure 1 (a) and other literatures [15, 47, 48] show the evolution trend of AE counts and the typical fatigue strain development are similar to each other. In addition, it is presumed that the AE counts are in certain correlation with the number of failure/fracture events in the BCM. Although it is found that a large variation of AE counts could be resulted by changing a threshold by only a small proportion, in this work, after using a certain modification method (e.g., normalization) on AE counts, the resulted parameter relative to AE counts is undergoing a stable evolution process.
It is noted in the literature [58] that a quiet time zone of AE counts appeared at the beginning during the lifetime. The causes are concluded as follows: firstly, due to the significant low value of the maximal fatigue load compared with the peak static load of the specimen at the beginning of the lifetime, the driven loading for the microcrack initiation is Journal of Sensors insufficient. For example, the maximal fatigue loading in the literature [58] was only 0.04~0.11 times to the peak static load at the beginning. Secondly, it is presumed that during the beginning of loading cycles, the behaviors of crack initiation and propagation are similar to that under static loading (defined as the quasistatic effect in this work). The quasistatic effect gradually decreases with the growth of the cycle number and recedes when approaching the second stage of lifetime.
It is also noted that the decline of an application of AE counts [15, 42, [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] , even those with certain modifications [17, 18] , will result in a subsequent decline of the application of average frequency (AF) and others [56, 57] . The reason is concluded that, if a large variation of AE counts could be caused by changing a threshold by only a small proportion as one who claims, while only a relatively small variation of AE duration could be generated by the mentioned changing, the average frequency (AF) could obtain a larger variation subsequently.
Furthermore, note that the well-accepted AE methods [17, 18] encourage this work to employ AE counts to quantify fatigue damage of concrete by normalizing the counts. The evolution trend of AE counts dependent on the static stress level (i.e., relative static stress magnitude) ensures a stable status for estimating the rate of the trend; therefore, the evolution trend dependent on the load cycle number is presumed to ensure another stable status for characterizing the accumulation process. The evolution trend of AE counts [17, 18] , rather than the counts themselves, may eliminate passive influence of the thresholdcaused variation abovementioned; it is also assumed to be effective for the evolution trend of normalized AE counts in this work.
(2) The evolution of accumulated AE energy is different from that of damage in materials under fatigue. In detail, the energy dissipation is usually included that resulted from mode-I crack initiation/growth (modeled by fiber failure) and an irreversible deformation fracture initiation/growth (modeled by irreversible deformation element fracture). Precisely, the amounts of the energy dissipation resulted from those types of microscopic events are usually different from each other. Moreover, it is found that there are significant variations in energy dissipation resulted from a single mode-I crack initiation/growth event (modeled by fiber failures and named microfailures in the literature [42] ) in different time.
(3) Both the AE energy rate and AE amplitude typically undergo a three-stage process. It is presumed that those parameters are able to reflect the microscopic crack behaviors in a certain degree. However, they were not considered the most direct indicators of the microscopic events in materials [46] . Therefore, the normalized AE counts, rather than AE counts, are considered the essential parameter for the quantification of fatigue damage in this work.
Fatigue Total Damage Variable Definition Using
Normalized AE Counts. In order to quantify the fatigue damage, the following steps are suggested to be conducted by using the normalized AE counts.
In a perfect condition, since each microscopic event is detected by the sensor and counted once, the AE counts are equal to the number of microscopic events in each cycle during the lifetime. Therefore, the total damage variable is defined by adopting the normalized AE counts by casting in the form of equation (4) as follows:
where dr 0,AE ðtÞ denotes the normalized total damage variable computed by using the normalized AE counts in the perfect condition. Moreover, the total damage variable obtained by count is equal to that in equation (4) based on BCM, such that
However, during the normal AE experiments, the count generally is not equal to the number of microscopic events in each cycle. The reason can be concluded as in real experiment, one counted signal is incapable of reflecting a single breaking/fracture event in materials [42] . Specifically, a group of breaking/fracture events may only generate only one counted signal, which means that a number of breaking/-fracture events are missed during the counting process. In addition, the amplitude of the signal is generally found to be lower than the threshold determined empirically, in which it is attributed to the influences of the constraint condition near the zone of certain microevents and the AE sensors are installed too far from the locations where the microevents occurred [3] .
Hence, due to the misestimation based on the AE counts, the total damage variable based on AE is defined by considering a correction as follows:
where dr AE,C ðtÞ denotes the correction of the total damage variable based on AE. Additionally, based on equations (4) and (5), the expression of the variable dr AE ðtÞ is further simplified such that
where dr 0,AE ðtÞ denotes the normalized total damage variable computed by using AE counts, within the interval 0 ≤ dr 0,AE ðtÞ ≤ 1.
Quantification of Fatigue Damage Using AE.
In order to quantify the fatigue damage by applying normalized AE counts, based on equations (4) and (6)- (8), both parameters dr 0,AE ðtÞ and dr AE,C ðtÞ are needed to be estimated initially. The parameter dr 0,AE ðtÞ is proposed to be defined by normalizing the AE counts CðtÞ from the first loading cycle Cðt 1 Þ to 5 Journal of Sensors the cycle of fatigue failure Cðt N f Þ, such that
where the AE counts CðtÞ are computed by experimental results (e.g., Figure 1 (a) [15] ). For simplicity, an equation for describing the evolution of the normalized total damage variable dr 0,AE ðtÞ is suggested in this work as follows:
where A 1 , A 2 , and A 3 denote the parameters relating to the damage behaviors due to microscopic crack initiation/-growth, which can be calibrated by fitting the experimental results. 
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Moreover, Figures 2 and 3 obtain the analysis of parameter effects on the evolution of the normalized damage variable d 0 and the rate of the normalized damage variable P 0 . The figures illustrate that as a scale factor, parameter A 1 affects the magnitude of both variables d 0 and P 0 during the whole lifetime. In detail, the higher parameter of scale factor A 1 results in the higher magnitude of both variables. In addition, parameter A 2 mainly affects variables d 0 and P 0 during the last stage of the lifetime, in which the lower the parameter the higher the magnitude of both variables. Furthermore, parameter A 3 also contributes to the effects on variables d 0 and P 0 , in which the lower the parameter the higher the rate of the magnitude of both variables during the second stage of lifetime. Therefore, the proposed relationship (equation (10)) is able to characterize the three-stage fatigue damage evolution of concrete by adopting certain calibration of the parameters.
Additionally, considering the misestimation based on the AE counts in Section 3.2, the parameter dr AE,C ðtÞ is suggested to be expressed by the equation such that
where A 4 and A 5 denote the parameters relating to the misestimation based on the AE counts, which can be calibrated by 7 Journal of Sensors experimental results. Hence, after obtaining the parameters dr 0,AE ðtÞ and dr AE,C ðtÞ, the total damage variable drðtÞ in the BCM is determined.
Moreover, in order to quantify the fatigue damage and characterize the deterioration behaviors, the irreversible deformation damage variable rðtÞ is computed by the equations based on the literature [41, 59] , such that
Especially, in a tensile case, 
The current Young's modulus, irreversible strain [41] , residual strain, and fatigue total strain are expressed, respectively, such that
4. Verification and Discussion
Three Main Deterioration Behaviors of Plain Concrete.
In order to verify the effectiveness of the proposed method, the experimental results of concrete reported in the literature [15] were used in this section. The mixture ratio was designed as cement : sand : aggregate : water : admixture = 457 : 575 : 1248 : 165 : 3:2 (unit: kg/m 3 ). In detail, the cement is Portland cement with a 28 d strength 47.4 MPa, the water is tap Figure 5 . It reveals that the predicted results agree with the experimental results, and the proposed method is able to capture the mechanisms of damage accumulation. In addition, by submitting the predicted results of the damage variable into the BCM (equations (12), (15), (16), (17) , and (19)), the predictions of the deterioration behaviors are obtained in Figure 6 . It illustrates that the predictions of the proposed method agree with the experimental results. In detail, Figure 6 (a) shows that the predicted results of fatigue total strain and residual strain coincide with the experimental results. Figure 6 (b) expresses that the predicted results of Young's modulus deterioration also agree with the experimental results.
It is noteworthy that the AE method in the literature [15] only considered the characterization of the residual strain of concrete under fatigue loading (see Figure 7 ) and did not capture the mechanisms of damage accumulation.
Three Main Deterioration Behaviors of Rubberized
Concrete. Furthermore, the experimental results of rubberized concrete reported in the literature [15] were also used to verify the effectiveness of the proposed method. The mixture ratio was designed as cement : sand : aggregate : water : rubber : admixture = 457 : 431 : 1 248 : 165 : 60 : 4:57 (unit: kg/m 3 ). In detail, the mechanically crushed rubber particles from a waste tire were 2-3 mm in diameter. The 28 d strength rubberized concrete is 38.7 MPa. By applying the proposed method, the parameters were calibrated as follows (see Figure 9 . It reveals that the predicted results agree with the experimental results, and the proposed method is able to capture the mechanisms of damage accumulation.
The predictions of the deterioration behaviors of rubberized concrete are also obtained in Figure 10 , by submitting the predicted results of the damage variable into the BCM (equations (12), (15), (16), (17) , and (19)). It shows that the predictions of the proposed method agree with the experimental results. In detail, Figure 10 Therefore, it is evident that the proposed method is able to quantify the fatigue damage and characterize the deterioration behaviors of concrete under fatigue loading.
Mechanism of Three-Stage
Behaviors. The three-stage behaviors for materials under fatigue loading generally received a number of attentions in fatigue community. For concrete material under fatigue loading, it is found that the total strain and residual strain experience a fast but decelerated increase during the first stage (0-10%) of the lifetime, a slow and smooth increase during the second stage (10-80% of the lifetime), and a fast and accelerated increase during the third stage while the concrete specimens approach macroscopic failure (80-100% of the lifetime) [15, 41, 44, 45, 48] . In addition, the degradation of Young's modulus also experiences a similar three-stage process [15, 41, 45] . It is concluded that these three-stage behaviors are mainly caused by random microcrack initiation, propagation, coalescence, and the development of the macrocrack in the materials. In order to characterize the three-stage behaviors, several mechanisms and theories have been developed by different researches [41, 43, 47] .
In this work, based on the researches [41, 47] , the threestage fatigue damage mechanism is proposed as follows.
During the first stage, the most critical defects/cracks are initiated and propagated. The higher the load the larger the number of defects concerned, which explains the rising AE activity. At this stage, the AE signals are due to both initiation of cracks and propagation of initial cracks, which includes both mode-I cracks and irreversible deformation fractures. Especially, the crack behaviors are presumed to be under the regime of both quasistatic and fatigue effects. Between both, the quasistatic effect regime is proposed to play a dominant role in affecting crack behaviors at the beginning, and it is proposed to recede when the loading cycles approach the second stage. Hence, under the regimes, the deterioration behaviors experience a fast but decelerated increase, and the quiet time zone of AE counts occurs in certain conditions during this stage. Furthermore, in this work, the failure of fibers and the fractures of irreversible deformation elements in BCM are utilized to model both initiation and propagation of mode-I cracks and irreversible deformation fractures in this stage, respectively. The proposed damage evolution function with a fast but decelerated increase is able to characterize the behaviors in this stage (Figure 2 ). 
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During the second stage, the rate of the crack initiation decreases, while the rate of the propagation of existing cracks is stable. Hence, the AE counts are experiencing a stable growing process. It illustrates that the regime of the quasistatic effect has been replaced entirely by that of the stable fatigue effect with a stable damage accumulation. Moreover, the fibers and irreversible deformation elements and related evolution function of BCM are verified to be effective to describe the behaviors against experimental results.
During the last stage, the macrocrack initiates due to the coalescence of the microcracks and undergoes an unstable and rapid development until the final failure of the materials. The AE signals are caused by both the propagation of the macrocrack and the initiation and propagation of microcracks in its fracture process zone. The behaviors are concluded as a result of an unstable fatigue failure effect regime. The BCM shows a fast, accelerated, and unstable increase of damage accumulation for characterizing the behaviors.
Conclusions
In this work, we developed an AE quantification method of damage in concrete under fatigue loading by combining AE and the BCM. The conclusions are obtained as follows.
The quantification method of damage for concrete under fatigue loading was developed, through establishing a relationship between normalized AE counts and the damage variable based on the BCM. Additionally, the method is able to characterize the three main deterioration behaviors of concrete, including Young's modulus degradation, fatigue total strain, and residual strain development, simultaneously.
Furthermore, the proposed method was verified against the experimental results. It captures the mechanisms of damage accumulation by combining AE and damage mechanics.
This method applied the AE experimental results in the literature [15] to verify its effectiveness, and it introduced the BCM under fatigue loading [41] to establish the relationship between normalized AE counts and the damage variable. Therefore, it is a new work contributed to AE. It will be adapted in quantifying the fatigue damage of reinforced concrete structures and other materials, for example, cementasphalt mortar.
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